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Polymer solar cells based on the polyﬂuorene copolymer poly[9,9-didecaneﬂuorene-alt-
(bis-thienylene) benzothiadiazole] (PF10TBT) and the fullerene derivative [6,6]-phenyl
C61-butyric acid methyl ester (PCBM) exhibit a power conversion efﬁciency of 4%. However,
the optimum thickness of the photoactive layer is only 80 nm, such that these solar cells
absorb only half of the photons available in their absorption bandwidth. Thicker cells are
subject to electronic losses due to space charge effects and recombination. We demonstrate
both from simulations and experiments that the optical and electronic losses can be decou-
pled in a double junction solar cell. For the PF10TBT:PCBM blend, the integration of two
thin cells in a double junction device leads to an enhancement of the measured power con-
version efﬁciency with 13% up to a value of 4.5%.
 2010 Elsevier B.V. All rights reserved.1. Introduction
The active layer of the most efﬁcient polymer solar cells
to date consists of a bulk heterojunction (BHJ) of a conju-
gated polymer with the buckminster fullerene derivative
[6,6]-phenyl C61-butyric acid methyl ester (PCBM). Such a
bulk heterojunction is characterized by nanoscale inter-
mixing of the electron donor and acceptor materials in
order to maximize their cross-sectional area [1]. Compared
to inorganic solar cells, thin ﬁlm polymer devices produce
high photovoltages. However, the power conversion efﬁ-
ciency is limited by a relatively low photocurrent as a
result of a higher bandgap and narrower absorption band-
width. Efforts to increase the efﬁciency are therefore
primarily focused on the harvesting of more photons.
The most direct way to increase absorption is increasing
the thickness of the photoactive layer. However, in many
polymer:fullerene systems the combined effects of charge
carrier recombination and the formation of space charge
reduce the ﬁll factor and consequently the overall device
efﬁciency of thick cells [2]. In a BHJ solar cell the reﬂective. All rights reserved.back electrode introduces optical interference effects in-
side the photoactive layer between incoming and reﬂected
light [3]. Therefore, it has been suggested that the photo-
current can be increased by introducing an optical spacer
that enhances light absorption in thin polymer solar cells
by redistributing the optical electric ﬁeld [4,5]. However,
the spacer effect is only beneﬁcial if the BHJ ﬁlm thickness
does not coincide with a local maximum of optical power
dissipation [6].
Alternatively, the optical properties of the photoactive
materials can be tuned. Promising results have been
reported for solar cells in which narrow bandgap polymers
were introduced in order to absorb low-energy photons
[7–9]. The electron-accepting material can be modiﬁed as
well: substitution of PCBM with its more strongly absorb-
ing C70-analogue generally results in a larger contribution
to the photocurrent [10]. A further improvement of the
spectral coverage of the solar irradiance spectrum can be
realized by incorporation of multiple heterojunctions with
complementary absorption spectra in a tandem solar cell
[11–13].
In this paper we present an alternative approach to im-
prove the performance of thin ﬁlm polymer photovoltaics.
As a model system we use polymer solar cells based on the
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(bis-thienylene) benzothiadiazole] (PF10TBT) and PCBM
with a power conversion efﬁciency of 4%. An efﬁciency in-
crease of 13% is realized by combining two optimized
PF10TBT:PCBM solar cells in one double junction device,
without any change to the constituents of the photoactive
layer. The approach concurrently utilizes the enhanced
absorption of thick ﬁlms and the superior electronic per-
formance of thin ﬁlms.2. Experimental
2.1. Device fabrication
ITO patterned glass substrates were thoroughly cleaned
with soap water, acetone, propanol and a UV ozone treat-
ment before application of a layer of PEDOT:PSS (Clevios
VP AI4083 SG, H.C. Starck). PF10TBT (TNO, Mw = 1.9
 105 g/mol, PDI = 3.5) and PCBM (Solenne) were used as
received. Photoactive layers were spin coated under ambi-
ent conditions from hot (90 C) chlorobenzene solutions of
PF10TBT:PCBM in a 1:4 weight ratio and capped with a
1 nm LiF/100 nm Al cathode. For the middle electrode of
double junction devices, ZnO nanoparticles with a diame-
ter of 5–10 nm were synthesized in methanol via hydroly-
sis and condensation of zinc acetate dihydrate by KOH, as
described elsewhere [14,15]. After centrifugation, the ZnO
gels were dispersed in acetone [16], followed by sonication
and ﬁltration. The acidity of PEDOT:PSS (Clevios PH500,
H.C. Starck) was tuned by addition of a 1:8 dilution of 2-
dimethylaminoethanol in water [17]. Naﬁon perﬂuori-
nated resin solution (5 wt% in a mixture of lower aliphatic
alcohols and water, Aldrich) was diluted 1:20 with ethanol
before spin coating at high rpm on top of pH-modiﬁed
PEDOT:PSS layers in a nitrogen-ﬂushed compartment un-
der ambient atmosphere.Fig. 1. Squares: experimental photovoltaic data of PF10TBT:PCBM solar
cells with varying active layer thickness. The lines denote the result of the
combined optoelectronic simulation.2.2. Characterization
Current–voltage characteristics were recorded with a
Keithley 2400 SourceMeter. The results of Fig. 1 were re-
corded under illumination from a Steuernagel SolarCon-
stant 1200, producing white light with an intensity of
1.3 kW/m2. The light intensity was determined by (a) com-
parison of the measured Jsc with the expected short-circuit
current density as calculated from the convolution of the
spectral responsivity curve with the AM1.5 global refer-
ence spectrum, taking into account the linear dependence
of Jsc on light intensity and (b) the deviation of the setpoint
of a multicrystalline silicon reference cell from the value
determined using accurate mismatch correction [18]. The
same lamp was used for the measurements of Fig. 6, using
spectral mismatch correction (M = 1.40) and a GG385 ﬁlter,
resulting in a light intensity equivalent to 0.9 sun. Contri-
butions to the photocurrent from regions outside the
anode/cathode overlap area were eliminated using illumi-
nation masks with slightly smaller apertures. Incident pho-
ton to current conversion efﬁciency (IPCE) spectra were
measured from 400 to 1100 nm using a custom-built setup
comprising a 50 W quartz tungsten halogen lamp, 28narrow band-pass interference ﬁlters, a transimpedance
ampliﬁer and a lock-in ampliﬁer. The spectral response
was measured relative to that of a calibrated monocrystal-
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measurements were done with a Veeco Dektak 6 M or
150 proﬁlometer. Optical absorbance was measured with
a Perkin–Elmer Lambda 900 spectrophotometer.3. Results and discussion
3.1. Single junction solar cells
The efﬁciency of PF10TBT:PCBM solar cells is known to
increase with the molecular weight of the polymer. This is
caused by a reduced recombination rate of bound elec-
tron–hole pairs at high molecular weights, which leads to
more efﬁcient generation of free charges [19]. Therefore,
the solar cells studied here are based on bulk heterojunc-
tions of PCBM and high molecular weight PF10TBT. The do-
nor/acceptor weight ratio was ﬁxed to the optimum of 1:4
and all devices were processed from hot chlorobenzene
solutions.
The variation of the short-circuit current density Jsc,
open-circuit voltage Voc, ﬁll factor FF and power conversion
efﬁciency PCE with photoactive layer thickness L is dis-
played in Fig. 1. Each data point (squares) represents the
average of three or more current density–voltage (J–V)
measurements. The values of Jsc and PCE were corrected
for spectral mismatch of the lamp with the solar spectrum
(see Section 2.2). Noticeable is the oscillatory behavior of
Jsc, characterized by maxima at L = 80 nm and L = 210 nm.
Thicker cells clearly absorb more light as Jsc is highest for
L > 150 nm. However, since the open-circuit voltage is vir-
tually independent of layer thickness and the ﬁll factor
strongly decreases with increasing L, the overall experi-
mental PCE reaches its highest value of 4.0% already at
L = 80 nm.
Next, we use combined optoelectronic modeling to gain
insight in the major limitations of PF10TBT:PCBM solar
cells of varying thickness. In order to describe the experi-
mental results, we use an optical model based on the trans-
fer matrix formalism in combination with a numerical
electronic device model [20].Fig. 2. Ratio of photogenerated excitons Gtot to the amount of photons
Nph with wavelength between 300 and 650 nm as a function of layer
thickness. The lines denote different optical spacer thicknesses as
indicated in the legend.3.1.1. Optical simulations
Most conjugated polymers exhibit strong absorption
with a high peak absorption coefﬁcient [21]. As a result,
layers as thin as several hundreds of nanometers can effec-
tively absorb most solar photons with energy higher than
the bandgap of the polymer. Since the wavelength of the
incoming light is of a similar length scale and the back
electrode in polymer solar cells is usually highly reﬂective,
optical interference effects have to be taken into account in
the description of the photocurrent of such devices [3].
As input for the optical model, the index of refraction n,
extinction coefﬁcient k and thickness of each layer in the
device architecture are used. The optical constants were
determined previously using variable-angle spectroscopic
ellipsometry [19]. The light intensity I(k,x) is calculated
for each wavelength and position inside the entire layer
stack, taking into account the optical properties of each
layer as well as the interference of light that is incident
on the device (AM1.5G, 1000W/m2) with light that is re-ﬂected by the back electrode. The exciton generation rate
at each position in the polymer:fullerene layer is given
by the convolution of the local spectral photon ﬂux and
the absorption spectrum of the active layer [20]. In the cal-
culation the relevant wavelength range is discretized at
exponentially equidistant values ki and the integral is con-





Iðki; xÞDki ð1Þwhere G(x) is the exciton generation rate at position x, h is
Planck’s constant, c is the speed of light and I(ki,x) is the
light intensity at wavelength ki and position x. The exciton
generation proﬁles G(x) are used below as an input for the
electronic device model. A ﬁnal integration of G(x) over the
position in the device gives the total generation rate Gtot of
excitons inside the photoactive layer.
By deﬁnition, the amount of absorbed photons is equal
to the amount of photogenerated excitons Gtot. For the
AM1.5G reference spectrum, the number of incident pho-
tons with wavelengths within the effective absorption
bandwidth of PF10TBT:PCBM layers, i.e., 300 < k < 650 nm,
is Nph = 1.05  1021 m2 s1. A measure of the absorption
efﬁciency is now given by the ratio of Gtot to Nph, which is
plotted versus layer thickness in Fig. 2 (solid line). At
L = 80 nm, which is the point of the ﬁrst maximum of the
experimental Jsc, only 48% of the available photons are ab-
sorbed. Poor light absorption thus strongly limits the cur-
rent these thin PF10TBT:PCBM solar cells can produce. As
expected, this conclusion is not altered by the introduction
of an optical spacer in the form of a thin ZnO layer between
the active layer and the cathode, since the incoupling of
light is already optimal, giving a local maximum of the dis-
sipated optical power at L = 80 nm. At the other local max-
imum of the experimental short-circuit current density,
L = 210 nm, two-thirds of the available photons are ab-
sorbed. This shows that the available light can be usedmore
efﬁciently in order to increase cell performance, without
reducing the bandgap of the polymer.
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In polymer:fullerene solar cells, photogeneration of
excitons is followed by diffusion of the excitons towards
a donor–acceptor interface, charge transfer at the interface,
dissociation of the resulting bound electron–hole (e–h)
pair and charge carrier transport to and extraction at sep-
arate electrodes. Each of these processes generally intro-
duces electrical losses that reduce the amount of
extracted charges. The cumulative effect of these losses
at short-circuit conditions is represented in the internal
quantum efﬁciency, deﬁned as the number of electrons in
an external circuit per absorbed photon, or IQE = Jsc/qGtot,
where q is the elementary charge. The IQE can thus directly
be determined from the measured Jsc (Fig. 1) and calcu-
lated Gtot (Fig. 2). In Fig. 3, the resulting IQE is plotted ver-
sus photoactive layer thickness. Approximately 80% of the
absorbed photons contribute to the photocurrent in thin
cells. For thicker layers this fraction decreases monotoni-
cally to around 70%, which is in good agreement with pre-
viously reported results [22].
Next, the current–voltage characteristics are simulated
for each L in the range of experimental layer thicknesses.
Here we use our numerical device model that includes drift
and diffusion of charge carriers, a temperature- and ﬁeld-
dependent generation rate of free carriers, bimolecular
recombination and the effect of space charge on the elec-
tric ﬁeld in the device [23]. Ultrafast electron transfer from
the photoexcited polymer to PCBM is assumed to occur
with unity quantum yield, i.e., each exciton generates a
bound e–h pair at an interface of donor and acceptor mol-
ecules. The dissociation rate of bound pairs into free carri-
ers is described by Onsager–Braun theory [24,25], using an
initial e–h separation distance a with a Gaussian distribu-
tion in energy and a bound pair decay rate kf to parameter-
ize the dependence of the dissociation probability P on
electric ﬁeld and temperature. Recombination of free carri-
ers is assumed to be of the Langevin type, with a recombi-
nation constant dominated by the slowest carrier [26], and
results in a bound pair that can either dissociate again or
decay to the ground state. Other relevant parameters are
the electron and hole mobilities le and lh, the spatiallyFig. 3. The internal quantum efﬁciency IQE = Jsc/qGtot versus photoactive
layer thickness. The line serves as a guide to the eye.averaged relative dielectric constant er and the effective
energy gap Egap between the highest occupied molecular
orbital (HOMO) energy of the donor and the lowest unoc-
cupied molecular orbital (LUMO) energy of the acceptor.
The exciton generation proﬁles obtained by optical
modeling are used as an input for the electronic model.
The values that were used for the parameters in the elec-
tronic model are in excellent agreement with those previ-
ously derived for high molecular weight PF10TBT:PCBM
cells [19] and are summarized in Table 1. In Fig. 1, the
results of the optoelectronic simulations are depicted by
the solid lines. Clearly, the oscillations of the short-circuit
current density and power conversion efﬁciency with
thickness are reproduced, as well as the strongly decreas-
ing ﬁll factor. The simulations indicate an optimal
thickness of around 70 nm, which is close to the experi-
mental value of 80 nm. The ratio of the amount of exci-
tons that are lost due to quenching at the electrodes to
the total amount of photogenerated excitons is large in
very thin cells. As this quenching effect is not incorpo-
rated in the model, the calculations slightly overestimate
the ﬁll factor and short-circuit current in thin cells and,
consequently, the predicted value of the maximum PCE
of 4.3% is somewhat higher than the optimal experimen-
tal value.
Based on the optical simulations of Section 3.1.1, a rel-
ative increase of 40% in Jsc would be expected for a 210 nm
thick cell compared to the 80 nm thick device. As can be
seen in Fig. 1, enhanced absorption in thicker cells does in-
deed enable the extraction of a higher current. However,
limited by the combined effects of space charge and
recombination, the short-circuit current at L = 210 nm is
only 16% higher than that at L = 80 nm. The same limita-
tion causes the ﬁll factor to drop considerably, resulting
in a reduction of the PCE to 3.2%.
This clearly demonstrates that the increased absorption
in thick cells is opposed by less favorable electronic prop-
erties. As a result the processing window for optimized so-
lar cells is limited to thin layers. In the following section,
the interlocking of optics and electronics is reduced by
using double junction solar cells consisting of two opti-
mized thin layer devices.3.2. Double junction solar cells
Multijunction solar cells are generally used to compen-
sate for the relatively narrow absorption bandwidth of
conjugated polymers. By inclusion of a second bulk hetero-
junction with a lower optical bandgap, photon harvestingTable 1
Overview of the model parameters used in the simulations.
Parameter Symbol Value
Bandgap Egap 1.37 eV
Electron mobility le 1  107 m2 V1 s1
Hole mobility lh 6  109 m2 V1 s1
Effective density of states Nc 2.5  1025 m3
Relative dielectric constant er 3.6
Initial e–h pair distance a 2.2 nm
e–h Pair decay rate kf 5  105 s1
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However, as discussed above, thin solar cells based on high
bandgap materials fail to absorb a lot of photons with suf-
ﬁcient energy. In this section we therefore choose to inves-
tigate the possibility to enhance absorption of these high
energy photons.
The photovoltaic properties of a multijunction solar cell
depend on the method of interconnection of the subcells. A
polymer tandem cell containing two subcells in a parallel
conﬁguration is feasible and is generally capable of pro-
ducing higher currents [27]. However, charges need to be
extracted at the middle electrode, which should conse-
quently be based on materials with high sheet conductiv-
ity, such as metals. So far this has been incompatibleFig. 4. Calculated exciton generation rate proﬁles plotted versus the
position x in (a) a thin, (b) a thick and (c) a double junction solar cell. The
total (integrated) exciton generation rate Gtot for each proﬁle is indicated
in the relevant ﬁgure panel.with processing from solution. A much more practical ap-
proach is the series-connected multijunction, in which an
increase in the amount of absorbed photons is utilized to
deliver a higher photovoltage rather than a high current.
As conduction now mainly occurs perpendicular to the
interface, less conductive materials such as conjugated
polymers and metal oxides are suitable candidates for
the interlayer as well.
Here, we employ a previously reported device architec-
ture in which the two subcells are connected in series by
a composite middle electrode of ZnO nanoparticles and
pH-modiﬁed PEDOT:PSS [16]. For practical reasons, the
thicknesses of these layers are ﬁxed to 20 and 30 nm,
respectively.3.2.1. Simulations
As a reference, we ﬁrst take a step back to examine the
exciton generation proﬁles of a thin and a thick device, as
shown in Fig. 4a and b. Again we consider the layer thick-
nesses at the maxima of the experimental Jsc and PCE, i.e.,
L = 80 nm and L = 210 nm. Position x = 0 corresponds to the
interface of PEDOT:PSS with the photoactive layer and the
cathode is located at x = L. The light can thus be considered
incident from the left side of the ﬁgure. As expected, both
proﬁles show excellent incoupling of the incident light.
Furthermore, as discussed above, the ratio of the total exci-
ton generation rates amounts to Gthicktot =G
thin
tot ¼ 1:40, which
means that the thick cell absorbs 40% more photons than
the thin one.
In Fig. 4c, the exciton generation proﬁles inside the two
subcells of a double junction device are plotted. As a one-
to-one extension of the optimized single layer cell, the
tandem device is chosen to incorporate two thin
PF10TBT:PCBM cells of 80 nm thickness. These are sepa-
rated by a ZnO cathode (20 nm) for the front cell and PED-
OT:PSS anode (30 nm) for the back cell, which results in aFig. 5. Layer thickness dependence of the efﬁciency of a double junction
device (labels) as predicted by combined optoelectronic simulations. For
each combination of layer thicknesses, the exciton generation proﬁles
inside the subcells were calculated and used as an input for our numerical
device model. The J–V curves of tandem cells were constructed from the
subcell characteristics [28]. The symbols indicate the optimal combina-
tion of subcell thicknesses (ﬁlled circle) and the case of two 80 nm thick
subcells (open circle).
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shape of the generation proﬁle in the back cell is similar
to the one of the single thin layer because it is closest to
the reﬂective cathode. As expected the magnitude of G(x)
in the back cell is lower than in the single layer thin cell
due to optical interference effects and absorption in the
front cell. However, in total the double junction absorbs
more photons, in fact nearly as much (96%) as the
210 nm thick single layer device. In contrast, a single layer
of 160 nm thickness absorbs only 81% of Gthicktot . In other
words, the double junction device absorbs more photons
per nanometer of photoactive material than thick single
layer cells due to the presence of the transparent middle
electrode.
In order to predict the photovoltaic properties of the
double junction device, we consider the general properties
of a series-connected tandem cell. First, since each subcell
is as thick as the thin single layer device and based on the
same donor–acceptor system, it is reasoned that they will
exhibit a similar IQE, FF and Voc. Similarly, this also means
that the FF of the double junction device will be the same
as the FF of the subcells whereas its Voc will be twice as
large. Of the two subcells in the particular device consid-
ered in Fig. 4c, the front cell produces the least amount
of excitons ðGfronttot < Gbacktot Þ. As the IQE is invariant, this sub-
cell will be current-limiting under short-circuit conditions
and thus determine Jsc of the double junction device. Then,
the ratio of the short-circuit current densities of the double
junction cell and the thin, optimized single layer cell is
close to Gfronttot =G
thin
tot ¼ 0:63. It is thus predicted that a stack
of two thin cells produces a Jsc that amounts to ca. 63% of
the value for the single layer device. Combined with a dou-
bled Voc and an unchanged FF, an ideal double junction de-
vice is expected to have a 26% higher efﬁciency than the
optimized single layer device.
The efﬁciency increase that is obtained with the use of a
double junction structure can be enlarged slightly when
the layer thicknesses of the subcells are chosen such that
light absorption is more balanced. As indicated in Fig. 5,
combined optoelectronic simulations of double junction
devices predict that the highest performance would be ex-
pected for a device with a front cell thickness of 100 nm
and a back cell thickness of 70 nm. However, since a moreFig. 6. Experimental (left) and calculated (right) current density versus voltage
The (sub)cells are all 80 nm thick.straightforward double junction device with two 80 nm
thick subcells should perform much better than a single
junction cell as well, we will employ this structure in the
experimental section below.
3.2.2. Comparison with experiment
To determine the advantageous effect of a double junc-
tion structure on the performance of a real device, a slight
modiﬁcation to the anode of the back cell was necessary.
The work function of pH-modiﬁed PEDOT:PSS is lower
than that of unmodiﬁed PEDOT:PSS, which would result
in a reduction of the open-circuit voltage of the back cell.
To prevent this, an ultrathin layer of a perﬂuorinated iono-
mer was spin coated on the middle electrode [17]. Since
the perﬂuorinated ionomer layer is presumably only a
few monolayers thick, it is not expected to affect the opti-
cal properties of the layer stack. Fig. 6 shows the measured
and simulated J–V curves of single and double junction
cells with active layers of 80 nm thickness. At a light inten-
sity of 0.9 sun, the experimental double junction device
delivers a Jsc of 34.9 A/m2 compared to 56.0 A/m2 for the
80 nm thick single layer cell. The Jsc ratio thus amounts
to 62%, which is in excellent agreement with the calculated
value of 63%. At 1.92 V the Voc of the double junction cell is
very close to but slightly lower than the sum of the subcell
voltages (1.94 V). Unfortunately, the ﬁll factor shows a
small drop as well, from 66% to 61%, which is most proba-
bly caused by an additional series resistance due to the
thin insulating layer between the back photoactive layer
and its anode. Nevertheless, the power conversion efﬁ-
ciency increases with 13% from 4.0% for the optimized sin-
gle layer device to 4.5% for the double junction device. The
decoupling of optical and electronic limitations thus
clearly enables an enhancement of the photovoltaic perfor-
mance. The working principle is therefore generic to all
polymer:fullerene systems that show optimum perfor-
mance at small layer thicknesses.
4. Conclusions
The photovoltaic properties of PF10TBT:PCBM solar
cells are described with combined optoelectronic modeling
to identify the processes that limit the power conversioncurves of a single and a double junction cell at a light intensity of 0.9 sun.
D.J.D. Moet et al. / Organic Electronics 11 (2010) 1821–1827 1827efﬁciency. It is shown that 4%-efﬁcient solar cells with an
optimized layer thickness of 80 nm absorb only 48% of
the photons that are available within the absorption band-
width. Optical modeling reveals that this ﬁgure can be in-
creased to 67% if the PF10TBT:PCBM layer is made 210 nm
thick. However, a concurrent decrease in ﬁll factor limits
the efﬁciency of thick cells to 3.2%. It is shown that a dou-
ble junction solar cell consisting of two optimized
PF10TBT:PCBM layers absorbs photons more efﬁciently
than thick single layer cells, as its structure disentangles
the optical and electronic limitations. Simultaneously, the
subcells have the high internal quantum efﬁciency and ﬁll
factor associated with thin cells. Overall, the power con-
version efﬁciency is improved from 4.0% for an optimized
single layer cell to 4.5% for the double junction device.
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